ABSTRACT A third phase transition, centered at about 18'C, was observed by differential scanning calorimetry in a multilamellar suspension of dipalmitoyl phosphatidyicholine that had been held at 0WC for several days. This transition is less cooperative than the other two transitions which are well Inown for this system, and it is accompanied by an enthalpy increase about three times as large as that of the so-called pretransition at 350C and about half that of the main gel to liquid crystal transition at 41'C. The reversal of this transition on cooling is extremely slow. The physical properties of phosphatidylcholine bilayers suspended in excess water have been investigated extensively largely because these structures serve as model systems for biological membranes. The two thermotropic phase changes in multilamellar suspensions of dipalmitoyl phosphatidylcholine (Pam2-PtdCho) and related lipids are now well-characterized phenomena (1). In addition to the gel to liquid crystalline phase transition (the "main transition," tm z 41'C for Pam2-PtdCho), a second, broader phase change or "pretransition" occurs at a lower temperature (tmnt 350C for Pam2-PtdCho). The nature of this latter transition is now well understood. In this communication we report the discovery and study by high-sensitivity differential scanning calorimetry (DSC) (2) of a third endothermic phase change in Pam2-PtdCho bilayers, which occurs at a temperature (tom -18"C) below that of the pretransition. In this report we will refer to this transition as the "subtransition.'" MATERIALS AND METHODS Pam2-PtdCho of very high purity (99.94 mol %) was a gift from N. Albon (3). Commercial grade dimyristoyl phosphatidylcholine (Myr2-PtdCho), Pam2-PtdCho, and distearoyl phosphatidylcholine (Ste2-PtdCho) were purchased from Sigma and Calbiochem; dipentadecanoyl phosphatidylcholine [(C15)2-PtdCho] and diheptadecanoyl phosphatidylcholine [(C17)2-PtdCho] were obtained from Supelco (Bellefonte, PA). Liposomes were prepared by adding the appropriate amount of 20 mM sodium phosphate buffer, pH 7.4, to the dry lipid to give a lipid concentration of 0.5-1.0 mg ml-l, heating the mixture to a few degrees above the main transition temperature for 1 hr, and then shaking on a Vortex mixer for several minutes. The lipid suspensions were cooled to 00C for various periods of time before being loaded into the precooled calorimeter. Identical
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All calorimetric scans were made with the Privalov DSC (4), with a scan rate usually of 0.5 K min-, occasionally of 1 or 0.1 K min-1. After the DSC experiments the lipids were extracted and examined by thin-layer chromatography. In no case was there any evidence of hydrolysis.
RESULTS AND DISCUSSION
Phase transition curves for a multilamellar suspension of 99.94 mol % Pam2-PtdCho are shown in Fig. 1 . Curve A was observed after the suspension had been held at 0C for 3.5 days. In addition to the previously known pretransition at 350C and main transition at 41'C, a third endothermic peak appeared at about 180C. A similar peak was observed with commercial grade Pam2-PtdCho, from either Calbiochem or Sigma, but with slightly lower tm (17.40C compared to 18.40C) and lower enthalpy (2.70 compared to 3.23 kcal molh). These differences are presumably due to impurities.
Curve B was obtained on reheating of the suspension after cooling to 1°C for 3 hr in the calorimeter. A very small endotherm observed at about 140C does not show in the figure. It is evident that the two higher transitions are unaffected by the presence or absence of the subtransition. The scan shown by curve C was run after the suspension had been held at 1.90C in the calorimeter for 3 days. The subtransition was significantly sharper than in the first scan (curve A) and occurred at slightly higher temperature.
The size of the average cooperative unit in a phase change can be estimated from the sharpness of the transition curve (2) . N, the number of molecules in the cooperative unit, is given approximately by the expression
AH.a [1] Abbreviations: (C,5)2-PtdCho, dipentadecanoyl phosphatidylcholine; (C17)2-PtdCho, diheptadecanoyl phosphatidylcholine; Myr2-PtdCho, dimyristoyl phosphatidylcholine; Pam2-PtdCho, dipalmitoyl phosphatidylcholine; Ste2-PtdCho, distearoyl phosphatidylcholine; DSC, differential scanning calorimeter (or calorimetry); tm, temperature (0C) at which maximal excess heat capacity is observed; tm2 and tm3, tims for pretransition and subtransition, respectively; At 1/2, transition width (K) at half-maximal excess heat capacity; AH, transition enthalpy. t To whom correspondence should be addressed. Fig. 1, N is 70 for the subtransition and 380 for the pretransition. Both of these figures would be larger at lower scan rate (see below), with that for the subtransition increasing somewhat more than that for the pretransition. It thus appears that the subtransition is less cooperative than the other two transitions.
While the main transition has been shown to be rapid (5), it has been reported (6) that a slow rate for the pretransition is the source of the apparent hysteresis associated with this phase change, with the transition temperature dependent on the scan rate. The variations with scan rate of several transition parameters are shown in Fig. 2 for a suspension of commercial Pam2-PtdCho after 3 days at 0C. The value of tm for the subtransition is 14.90C at zero scan rate. It is seen that in the heating direction the subtransition occurs more slowly than the pretransition. The slopes of the tm plots give characteristic times (6) of 4.0 min for the subtransition and 1.4 min for the pretransition. As expected, in view of this kinetic limitation, the subtransition peak width, as measured by the width, At1/2, at half-maximal excess heat capacity, increases with increasing scan rate. The enthalpy of the transition is only slightly affected by scan rate.
The phase transition properties of Pam2-PtdCho are summarized in Table 1 . Fig. 3 shows the variation of the subtransition properties of commercial Pam2-PtdCho with the duration of cooling at 00C. It appears that the reversal of the subtransition is essentially complete after 3 days of cooling, showing this process to be orders of magnitude slower than the reversal of the pretransition. The subtransition was not detected in samples of commercial Pam2-PtdCho that had been cooled to 00C for less than 6 hr. nor was it observed in suspensions that had been stored for 3 days at 60C even though this temperature is well below the transition temperature. A lipid suspension kept frozen (-80C) for 3 days showed a much smaller enthalpy of transition and lower tm than a suspension held at 00C for the same length of time.
The rate of reversal of the subtransition depends strongly on the hydrocarbon chain length. For Fig. 4 that for (C17)2-PtdCho (curves A) a large increase in tm results from increasing the 00C storage time from 3 to 6 days, and for Ste2-PtdCho a similar increase results from an increase from 7 to 13 days. The rate of conversion for Ste2-PtdCho is not significantly larger than indicated here when the suspension is stored at 2-90C instead of at 0GC. When the tms for these lipids and for commercial Pam2-PtdCho, observed at a scan rate of 0.5 K min-, are plotted against the reciprocal of the cooling time (Fig. 5) , it is found that even these long cooling times do not give complete conversion to the low-temperature form. The large differences in the rates of the conversions are indicated by the slopes of the lines in Fig.5 : 2.6, 14, and 22 K day for Pam2-PtdCho, (C17)2-PtdCho, and Ste2-PtdCho, respectively. The subtransition properties of these lipids are summarized in Table 2 .
We were unable to observe subtransitions for Myr2-PtdCho bilayers formed from (Cl7)2-PtdCho (curve A) and Ste2-PtdCho (curve B). The samples of (C17)2-PtdCho were cooled at O'C for 3 days (--)or 6 days (-), and those of Ste2-PtdCho at 00°C for 3 days (--,7 days (---), or 13 days (-). 
